certain important diseases. The polymorphism of certain HLA-D haplotypes may escape detection by current methodologies. Analysis at the genomic level of the polymorphism of one of the HLA-D subregions HLA-DR, using oligonucleotide probes specific for the polymorphic regions, is capable of distinguishing single nucleotide differences. The DRw6 haplotype was analyzed in view of the lack of DRw6 specific sera. On the basis of nucleotide sequence analysis, the DRw6 haplotype consists of at least two subtypes. When analyzed with oligonucleotide probes, this split identifies new polymorphic groups that differ from the DRw6 serological subgroups.
The class II, or Ia, antigens of the major histocompatibility complex are cell-surface glycoproteins that are essential in the recognition process leading to T-cell activation. They consist of transmembrane a and p chains and are normally expressed on a limited number of cell types. They are characterized by a remarkable degree of allelic polymorphism. Different alleles at the class II loci have been shown to be implicated in either a high or a low immune response to specific antigens (1) . In man, the class II antigens are encoded in a complex multigene family, the HLA-D region of the major histocompatibility complex, which contains the genes for the HLA-DR, -DQ, and -DP antigens (reviewed in ref.
2). The extensive polymorphism ofthe human class II antigens is important because of their role in graft rejection and in graft-versus-host reaction after bone marrow transplantation. Furthermore, an association has been observed between certain class II alleles and susceptibility to certain diseases. These include diseases such as juvenile diabetes, multiple sclerosis, and rheumatoid arthritis (3). The possibility of accurately identifying the HLA-class II allo-specificity of a given individual represents, therefore, an essential goal.
Class II histocompatibility typing is routinely performed with antisera that recognize alleles or groups of alleles of the HLA-DR antigens and less frequently of DQ antigens. T-cell preparations that can distinguish among certain class II alleles are also used, although the correlation between serology and T-cell typing is not always clear.
Following the cloning of human class II genes and the observation that the polymorphism extended to restriction sites in and around the class II genes, we proposed a molecular genetic approach to typing (4) . This approach, known as "DNA typing" by restriction fragment length polymorphism (RFLP), has the advantage of a direct analysis at the genomic level and is independent of the availability of serologic or cellular reagents. However, it now appears that this procedure has limitations in the interpretation of results.
Because of these limitations, we now propose an alternative approach to HLA DNA typing based on the hybridization of synthetic oligonucleotides that correspond to specific regions of the polymorphic class II gene. This allows the study of the polymorphism of individual A-chain loci within the HLA-DR subregion. More importantly, this procedure permits the identification of specific alleles differing from others by only a single nucleotide. These probes have allowed us to characterize new allelic specificities within HLA-DR. They offer the possibility of a refined and yet simple distinction and identification of HLA-DR alleles not detectable with the available serological reagents and whose analysis by RFLP would be difficult if not impossible. This method can be applied to the other subregions of HLA-D as well as to class I polymorphism.
MATERIALS AND METHODS
Synthesis of Oligonucleotides. Oligonucleotide probes, whose sequence is given (see Fig. 2 ), were kindly provided by E. Kawashima (Biogen S.A.).
32P-Labeling of Oligonucleotides. Oligonucleotides (70 ng)
were end-labeled by polynucleotide kinase (5) using 75 ACi of
[32P]ATP (specific activity >5000 Ci/mmol; 1 Ci = 37 GBq) and 5 units of T4 polynucleotide kinase (Boehringer Mannheim). After labeling, the oligonucleotides were purified by chromatography on DE-52 cellulose (Whatman) and then used as hybridization probes. The oligonucleotide probes had a specific activity of 2 x 109 cpm/,ug.
HLA-DR fl-Chain Gene Clones and Sequences. Cosmid and phage X clones corresponding to the DRw6a 3III and DRw6b pIII loci, respectively, were isolated from genomic banks described (6, 7) . The sequences presented were derived by the dideoxy method (8) . The entire first domain sequences, including the regions from which the oligonucleotides were derived, will be published elsewhere. The DRw6b (1III sequence corresponds to the cDNA clone p1 (9 Proc. Natl. Acad. Sci. USA 83 (1986) BM21(DR5), WT46 and HHK(DRw6), MANN(DR7), and BM9(DRw8). For the DRw6 analysis we also used lymphocytes from volunteer donors (typed at the Unitd d'Immunologie de Transplantation, H6pital Cantonal, Geneva, by M. Jeannet).
Isolation and Southern Blot Analysis of Human DNA. High molecular weight DNA was prepared from human B-cell lines and from the leukocytes of volunteer donors using the method of Kunkel et al. (10) . DNA (15 ug) was digested to completion with EcoRI (4 units/,ug of DNA). Following extraction, precipitation, and resuspension, the samples were heated for 5 min at 650C and electrophoresed on a 0.7% agarose gel (Sigma type II) in TBE buffer [89 mM boric acid, 89 mM Tris HCl (pH 8), 25 mM EDTA]. Gels were electrophoresed at 60 V for 12 hr, depurinated, denatured, and neutralized; the DNA was transferred (11) to GeneScreenPlus nylon membrane (New England Nuclear). After transfer the membranes were rinsed in 0.4 M NaOH for 1 min and then in 0.2 M Tris HCl (pH 7.5), 2x NaCl/Cit for 1 min. (NaCl/Cit = 150 mM NaCl, 15 mM trisodium citrate, pH 7.0.)
Hybridization with Oligonucleotide Probes. The following hybridization procedures were selected after several experimental trials with recombinant DNA clones as specified in the legend to Fig. 3 . The membranes were prehybridized for 1 hr at 500C in 5 x NaCl/Cit, 20 mM sodium phosphate (pH 7), 1Ox Denhardt's solution, 10% (wt/vol) dextran sulfate, 7% (wt/vol) NaDodSO4, and denatured herring sperm DNA at 100 ,g/ml (R. Cates, personal communication). (Denhardt's solution = 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, 0.02% Ficoll.) Hybridization was carried out overnight at 50°C in the same solution containing 32P-labeled oligonucleotide (106 cpm/ml). The membranes were washed successively for 1 hr at 50°C in 3x NaCl/Cit, 1Ox Denhardt's solution, 5% (wt/vol) NaDodSO4, 25 mM sodium phosphate (pH 7.5) and in 1x NaCl/Cit, 1% NaDodSO4. Autoradiography was done using preflashed Kodak X-AR5 film with a Cawo SE6 intensifying screen at -70°C for a minimum of 2 days. When necessary, the membranes were dehybridized for 30 min at 42°C in 0.4 M NaOH; then for 30 min at 42°C in 0.1x NaCl/Cit, 0.1% NaDodSO4, 0.2 M Tris-HCl (pH 7.5); and used for a new hybridization with a different probe.
RESULTS
Limits of DNA Typing by RFLP. When the polymorphic differences between two alleles affect restriction enzyme sites in or around a given gene, the Southern hybridization pattern of the two alleles is different. In general, the polymorphic restriction sites do not correspond to differences within the coding region of the class II genes. Therefore, a substantial degree of sequence variation within the coding region, remains undetected. In Fig. 1 we have compared the region encoding the first domain of two HLADRw6 p-chain genes from different cell lines. These two genes correspond to the same locus, HLA-DR 3III (7) but neither the serological typing (HLA-DRw6) nor the position of restriction enzyme sites (Fig. 1) reveals any difference between these two DRw6 genes or their products. At the level of the DNA sequence, however, it is obvious that these two genes are different and that these differences involve amino acid sequence differences as well. In certain cases, therefore, two distinct alleles within a DR specificity can only be distinguished at the level of the DNA sequence. It is likely that the number of HLA-DR alleles distinguishable only at the level of nucleotide sequence will increase as more sequence data becomes available.
The Oligonucleotide Probes. This limitation of DNA typing by RFLP led us to search for an alternate strategy for the analysis of the class II polymorphism. We have made use of hybridization with sequence-specific oligonucleotide probes, an approach that had been shown to distinguish certain mutant forms of the globin gene (12) . In the case of HLA-DR, most of the nucleotide sequence differences among p-chain genes are in the first domain ofthe gene, and we had observed that these differences were predominantly clustered in three regions referred to as "hypervariable regions." We have, therefore, deliberately used oligonucleotide probes corresponding to such segments. The length of the oligonucleotides used (19 base pairs) allows optimal discrimination at the single nucleotide level (13) . Fig. 2 shows the different DR /3-chain loci from which the oligonucleotide probes were made. The two different DRw6 haplotypes are designated here as DRw6a and DRw6b (see Fig. 1 ). The sequences for these oligonucleotide probes as well as that for the probe for the DR4 haplotype are shown.
Optimizing the Hybridization Conditions. There were two important experimental features of the oligonucleotide probe analysis that needed to be optimized before an analysis of genomic DNA could be undertaken. The first was the conditions of hybridization and washing that permit resolution of one base-pair differences. The second is the level of sensitivity of detection. The results of some of our experimental trials on hybridization and washing conditions are shown in Fig. 3 . Fig. 3 (Left) shows the hybridization of the oligonucleotide probe 6/3 to two DNA clones corresponding to the DRw6 31III locus and differing by one base pair. The sequence ofthe probe is identical to that of clone DRw6b /3III (lane b) but differs from that of clone DRW6a B3III (lane a) by a single T-G mismatch. As can be seen, the last set of washing conditions completely eliminates the nonspecific hybridization, even with an excess of DNA on the filter (200 pg). This set of washing conditions was chosen for all genomic blots to obtain a hybridization signal only with genes having an identical sequence.
The sensitivity of this technique permits detection of 10 pg of DNA on a filter as shown in Fig. 3 (Right) . This concentration of DR /3 sequence is approximately that which is expected in a genomic blot.
HLA DR-Specificity of the Oligonucleotide Probes. Hybridizations were performed with the synthetic oligonucleotides and the DNA of genetically homozygous cell lines to define the specificity of each probe. A DR-haplotype specific probe should only hybridize to DNA from the haplotype to which it corresponds. When the oligonucleotide 4/1 is utilized as hybridization probe (Fig. 4) (7) and that for the DR4 haplotype from Spies et al. (14) . A schematic representation of the first domain exon is shown in the center along with the exact position of the probes. Oligo 6/2 defines DRw6a ,1H11 whereas oligo 6/3 defines DRw6b ,1111.
haplotype specificity. The probe 6/1 recognizes the haplotypes DR3, DR5, and DRw6 (Fig. SA) . The probe 6/2 recognizes DR3 and DRw6 (Fig. SB) whereas the probe 6/3 recognizes the DR5 and DRw6 haplotypes (Fig. SC) . Probes 6/2 and 6/3 also showed hybridization to one or two other DNA fragments. These fragments are not polymorphic as they are present in all the haplotypes studied and do not correspond to DR p-chain first domain, as is seen when the (Fig. 5D) . The nature of these other bands is not known; however, they cannot correspond to any other HLA-D genes on the basis of known sequences. It is statistically expected that in some cases an identical, but unrelated, 19-nucleotide sequence could be found and detected in human DNA.
Analysis of the Split of the DRw6 Haplotypes Using Oligonucleotide Probes 6/2 and 6/3. The DR (3chain gene sequences of genomic and cDNA clones from two different DRw6 cell lines have revealed differences at the oligonucleotide level (Fig. 1) . The two expressed DR p loci (I and III) show nucleotide differences. Therefore, the DRw6 haplotype, as defined serologically, can be split at the nucleic acid level. We call the two haplotypes thus defined DRw6a and DRw6b (23 typed DRw6/7 was blotted and hybridized consecutively with the two probes (Fig. 6A , Upper and Lower). In lanes 1-3 the oligo 6/3 probe (Upper) hybridized to the DNA at the position expected indicating that the individuals are DRw6b. In lane 4, there was no hybridization with the 6/3 oligo (arrow) whereas the 6/2 oligo hybridized (arrow, Lower). The 6/3 oligo revealed the same nonspecific bands as seen in Fig.  5 .
The possible correlation of the split as seen at the nucleotide sequence level with the serological split of DRw6 into DRw13 and DRw14 (15) was then studied. DNA, from peripheral blood lymphocytes of individuals or from B-cell lines typed DRw13 and DRw14, was analyzed with the two probes (Fig. 6B) . There was no correlation with the DRw13 and DRw14 serological typing since individuals typed DRw14 can have the DRw6a or the DRw6b genotype. The same is true for individuals typed DRw13 (Fig. 6C, lane 1 ). Finally, we tested an individual who was typed as DRw13/blank to determine the nature of the blank. The oligonucleotide analysis showed hybridization with both probes indicating that this individual was a DRw6a/DRw6b heterozygote (Fig.  6C, lane 2) . DNA from DRw6a and DRw6b individuals was analyzed in the flanking slots as controls (Fig. 6C, lanes 1 and  3) .
DISCUSSION
The analysis of the polymorphism of class II genes has both theoretical and practical implications. At the nucleic acid level this analysis has so far relied on the technique of RFLP (4, 16, 17 (18, 19 (21) and other RFLP analysis where DR probes hybridized to other subregions (20, 22) .
As an alternative to RFLP analysis, we investigated the possibility of using synthetic oligonucleotide probes directed specifically against polymorphic regions of the DR /3-chain genes. This technique has been used to distinguish various (12) . With this procedure, we were able to find conditions where a difference of one base pair could be distinguished between two closely related alleles. The hybridization signal is very sensitive to the specific activity of the probes and, therefore, labeling conditions should be optimal. It is likely that the purity of the probe (level of deprotection after synthesis and availability of "clean" 5' ends) is also important. The use of GeneScreenPlus membranes gave a better signal than did GeneScreen.
Analysis of DNA from different homozygous typing cells showed that specific probes can be generated that recognize only one of the DR haplotypes (Fig. 4) . In this case, the probe 4/1 revealed a simple pattern of one band hybridizing to the DR4 DNA. This should be compared to RFLP studies where it is difficult to distinguish DR4 from its related haplotype DR7.
We then analyzed the DRw6 haplotype, a haplotype for which specific sera are not available. The usual approach to typing DRw6 is to use supertypic sera that recognize DRw6 in combination with the DR3 and DR5 haplotypes followed by serological exclusion of the other haplotypes. By RFLP analysis the DRw6 pattern is difficult to distinguish from other haplotypes within this supertypic group (DR3, DR5, and DRw8). As part of our cloning and sequence analysis of DRw6 haplotypes, we were able to distinguish at least two DRw6 genotypes, which we call DRw6a and DRw6b (7) .
Oligonucleotide probes corresponding to the first hypervariable region of the first domain of the DRw6a /31 locus, the DRw6a ,3III locus, and the DRw6b ,3111 locus were synthesized. In this region the two DRw6 ,B1 loci have an identical sequence whereas the two 3111 alleles differ by one base pair. The results (Fig. 5) showed that these probes could not identify DRw6 haplotypes specifically. The 6/1 probe hybridized to DNA from the related haplotypes DR3, DR5, and DRw6, More interestingly, the 6/2 and 6/3 probes hybridized to subsets of this group of haplotypes. The 6/2 probe hybridized to DR3 and some DRw6 DNA whereas the 6/3 probe hybridized to DR5 and other DRw6 DNAs. This distribution is similar to certain sera that are in fact used to type DRw6 (15) . These results have a number of implications. First, they throw a new light on the meaning of hypervariable regions. These regions while varying from one group of related haplotypes to another are not as variable within a supertypic group of haplotypes. Second, they provide evidence for a split of the DRw52 haplotypes at the genotypic level based on a variation of the ,3111 locus. The DR3 and DRw6a haplotypes tested here are in one group, and the DR5 and DRw6b haplotypes are in another. As the split is based on differences located at the ,1III locus and correlates with certain sera that can also distinguish such a split, these sera must be recognizing epitopes present on the 83111 chain.
The DRw6 haplotype has been separated by serological reagents into DRw13 and DRw14 (15) . It was possible that the DRw6a and DRw6b genotypes identified by nucleotide sequence could correspond to this serological split analogous to the correlation mentioned earlier. However, when we analyzed a number of DNAs from individuals typed for DRw13 and DRw14, we found no correlation between these serological specificities and the genotypic specificity as defined by the probes for the DR ,BIII locus ( Fig. 6 B and C) . On the basis of recent sequence data (23) , it appears that the DR /I locus is the most polymorphic. Therefore, probes derived from this locus will be more specific for different DR alleles. During this analysis we were able to detect with relative ease the heterozygous genotype DRw6a/DRw6b (Fig. 6C, lane 2 
